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We, Wallace Tiepnan Inc., a Corpora- 
tion organized under the laws of the State of 
Delaware, United States of America, of 25, 
Main Street, BeUeville 9, New Jersey, United 
States of America, do hereby declare the in- 
vention, for which wfe pray that a Patent may 
be granted to us, and the method by which 
it is to be performed, to be particularly de- 
scribed in and by the following statement: — 
This invention relates to procedures and 
apparatus for effeicting changes in concentra- 
tion of ions in aqueous electrolytic solutions, 
and in an important specific aspect is parti- 
cularly directed to procedures and apparatus 
for demineralizing water for hom^ industrial 
or other xise. 

Water, as obtained from natural soiltces, 
often contains substantial concentrations of 
dissolved salts. Smcc die priesence of these 
salts is objectionable for many purposes, it 
is frequently neccssisiry to subjett such water 
to softening or demlderalizing treatments prior 
to use. Familiar examples of such tredtni^ts 
are die softening of hard vmiet to render it 
suitable for household use, and the deminera- 
lizing of water supplies for boilers to prevent 
accumulauon of deposits of salts in the boiler 
apparatus. In these and other operations it is 
commonly necessary or at least highly desir- 
able to reduce the ionic content ol the water 
to very low values, for instance to values 
substantially bdow 100 parts per million. 

C6nvendoDdl ion-exchange precedures for 
softening or demineralizing water involve pas- 
sing the water through one or more beds of 
solid ion-exchange . materiaU e.g. inorganic 
ion exchangers such as zeolites, or Organic 
materials such as ion-exchange resins. In these 
materials, fixed funcdoiial groups of one 
charge xypt (p<»itive or rie|ative) are neutra- 
lized by mobile coimter ions, Le. ions of 
opposite charge type which are free to move 
in and out of the material when the material 
is immersed in the virater to be treated. Soften- 
ing or deraineralizadon <rf the water proceeds 



by exchange of dicse niobile ions, equivalent 
for equivalent, for ions containied in die Water. 

Some ion-exchange water softening treat- 
ments merely replace the dissolved salts In the 
water with other, less objectionable salts, as 
by e xch ange of sodium ion for calcium or 
tnagnesiuih i6n contained in diie raw water. 
However, in many cases reductiori of the total 
dissolved solids content of the wlter is neces- 
sary. Ion-exchange procedures may be em- 
ployed to accomplish this result as wi^U; but 
water having ah initially very hi^ ionic con- 
centration^ (eg. more dian 1000 p-pju. dis- 
solved solids) cannot be econoriiically treated 
by convendbnal ion-exchange procedures when 
a very dilute (e.g. 5 p.p.m.) ^Uent is requir- 
ed. 

A difficulty with all such ion-exchange pro- 
cedures is diat the bed or beds of ion-ex- 
change material become spent or exhausted 
after a fairly short period of use and must 
therefore be removed from service and re- 
^nerared at frequent intervals. The regenera- 
tion of the material, typically involving treat- 
ment widi chemicals, is inconveriient and re- 
latively e^ensive. Furthermore, since tbe 
water-treating equipment is unavailable for 
use during die period of regeneration, dupli- 
cate or standby equipment must be provided 
in cases where continuous water-sohening 
treatment is desired. 

Desahihg of water may also be effected by 
electrodialysis..A typical siiiiple elcctrodialysis 
cell includes three parallel chambers each filled 
with a flow of water and separated from each 
odier by ion-permeable membranes; the water 
to be treated is that flowing through the central 
chamber. Direct electric current, passed 
through the cell between positive and nega- 
tive electrodes respectively immersed in die 
two enter chambers (which thus constitute the 
anode aiid cathode chambers of the ccU), causes 
cations in the cell to migrate into the cathode 
chambers and anions to migrate into the anode 
chamber thereby deiohizing the water in the 
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central treating chamber as desired. The mem- 
branes may be so-called pcnnselectivc mem- 
branes^ sdectively pcnneable to ions of one 
charge type and rdarively impermeable to ions 

5 of opposite charge type; i.c. the membrane 
separating the treating chamber from the 
cathode chamber may be cation-permselective 
and that separating the treating chamber frwn 
the anode diamber may be anion-peimeselec- 

10 tive. These membranes permit noigration of, 
ions from the treating chamber in the direc- 
tions mentioned above, while at the same time 
inhibiting counter-migration of anions and 
cations from the cathode and anode chambers 

•15 respectively into the treating chamber under 
the influence of the current. 

Such dectrodialysis may be practicable for 
treatment of water having an initially higl; 
ionic concentration (Le. brackish water con- 

20 taining 5,000 p.p jn. to 2,000 p,p.m. total dis- 
solved salts), in cases where the ionic con- 
centration of the effluent treated water, al- 
though reduced, is also still relatively high. 
However, in a cell of the type described me 

25 current is conducted through the treating 
chamber by the water tmder treatment; and 
since the condi^ctivity of water decreases with 
decreasing ionic concentration, the resistance 
of the ceU becomes very high at low values of 

30 ionic concentration of the treated water, with 
the result that uneconomically large values 
of DC power are needed to accomplish the 
ionic transport. Hence, use of an' electro- 
dialysis cell as described above is not practic- 

35 able for production of very dilute effluents. 
It has been produced for some purposes to 
provide an dectrodialysis cell, with one or 
more treating chambers each defined on oppo- 
site sides by paralld flat membranes of winch 

40 one is cation-permselective and the other anion- 
peniisdectivc, and with dectcodes disposed 
to provide direct current flow through the 
cell in a direction transverse to the membranes, 
wherein the treating chamber or chambers are 

45 filled with ion-exchange particles in contact 
with the membranes. The water under treat- 
ment, as before, flows continuously through 
the treating chamber; but in tins cell the ion- 
exchange partides and the membranes are 

50 arrang^ to provide a continuous, rdativdy 
conductive path for current flow and trans- 
port of ions through the treating chamber. 
Since the ion-ezchange partides thus serve 
to reduce the resistance in the treating cham- 

55 ber, water of very low ionic concentration can 
be treated or produced at reasonably low 
power input levels. 

The desired improvement in cell conduc- 
tivity in systems of the latter type Is depen- 

60 den^ however, on contact between the ion- 
exchange partides and the membranes. Even 
small fluid pressure variations on eidier side 
of the membranes tend to impair such con- 
tact, undesirably increasing the cell resistance 

65 and power requirements; therefore ^e cdl 



(^crates effectivdy ody at very small flow 
rates. Moreover, the attain a high flow rate 
(as desired for treatment of substantial volumes 
of water) the chamber-defining membranes 
should be widdy spaced, i.e. the flow rate 70 
capacity of the cell varies directiy with the- 
spacing between membranes; but the dcctri- 
cal resistance of the described cdl is also dirca- 
iy proportional to the distance between mem- 
branes, and hence with other faaors equal 75 
the power requirement for die ceU corres- 
pondingly varies in direct proportion to the 
membrane spacing. 

Arrangements for changing the ionic con- 
centration of water, such as the ion-exchange 80 
and dectrodialysis systems desaibed above, 
may also be used to produce an effluent hav- 
ing an inaeased concentration of a particular 
ion or ions, as desired for particular purposes. 
The considerations discussed above in con- 85 
nection with use of these systems for de- 
mineralizing water are applicable dso to the 
production of such concentrated effluents. 
When an ion-exchange bed is used to produce 
a concentrated stream, the product fiow^ must 90 
be periodically interrupted for reconversion of 
the bed to its initial state. Production of a 
concentrated effluent by electrodialysis is 
accomplished by transpoa of ions from a flow 
of water in a ddoni2ing chamber to a flow 95 
in a concentrating chamber, and involves the 
problems of cdl resistance and power require- 
ments referred to above espedally when the 
totd ionic concentration of die water in either 
or both of the latter chambers is low. 100 

An object of the present invention is to 
provide procedures and apparatus for chang- 
ing the ionic concentration of aqueous electro- 
lytic solutions, adapted to treat solutions of 
very low ionic concentration in an advantage- 105 
ousiy economical and convenient manner and 
requiring no interruption of treatment for 
regeneration or like maintenance operations. 
A further object is to provide sudi proce- 
dures and apparatus for removing ions frcnn 110 
water, enabling production of very dilute 
effluents at hi^ flow rates and with desirably 
low power requirements, and thereby effect- 
ing demiheralization of water to such low 
effluent concentrations more economically 115 
than has heretofore been possible. Still an- 
other object is to provide effective and econo- 
mical procedures and apparatus of this type, 
suitable for such purposes as the softening of 
water for household use and the demineraliza* 120 
tion of boiler feed water. 

Funher objects and advantages of the in- 
vention win be apparent from the detailed 
description herembelow set forth, together with 
the accompanying drawings, wherein: 125 

Fig. 1 is a sectional devationd view of an 
dectrcdidysis cell en;^>odying the invention; 

Fig. 2 is a view taken dong the line 2—2 
of Fig. 1; 
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Fig/ 3 is a cross-sectional view of another 
embodiment of the invention; 

Fig. 3a is a cross-sectional view of a funhcr 
embodiment of the invention; 
5 Fig. 4 is a diagrammatic view of a hoose- 
hold, water-softening system incorporating a 
cell of the tjrpe shown in Fig. 1; 
and 

Fig. 5 is a flow diagram of a system for 

10 demineralizing boiler feed water, indnding 
cells of the type shown in Fig. 1, 

Referring first to Figs. 1 and 2/ the appara- 
tus of the invention in the form there shown 
comprises an axially vertical tubular cell 10 

15 laterally defined by an elongated hollow 
cylindrical shell 11 (which may be fabri- 
cated, for example, of a material such as 
*Tlexiglass," (Registered Trade Mark) i.e. 
polymethylmethacrylate, or polyvinylchloride) 

20 and closed at its upper and lower extremities 
by end plates 12 and 14. As shown, the ends 
of the shell are fitted in annular sockets 15, 
16 in the latter plates. The cell sirucnire 
further includes a cylindrical rod 18, also coa- 

25 veniently fabricated of Plexiglass and having 
a diameter substantially smaller than the 
internal diameter <^ the shdl 11; this rod ex- 
tends dirough the interior of the cell coaxially 
therewith, the ends of the rod being held m 

30 sockets 19, 20 in the end plates. Rubber gas- 
kets 21 and 22 are inserted in die sockets 15 
. arid 19 in the upper end plate 12. 

Within the cell Is positioned a hollow 
cylindrical inner electrode 23, closely sur- 

35 rounding and supported by the rod 18 in . 
coaxial relation thereto. A hollow cylindrical 
outer electrode 24 is similarly secured to and 
supported by the inner surface of the shell 11, 
in concentric spaced relation to the inner clecc- 

40 rode 23. An axially elongated annular region 
is thus defined between the inner and outer 
electrodes in the cell. These two electrodes 23 
and 24 may be fabricated of any suitable 
electrode material, e.g. platinized titanium 

45 metal sheet or titanium expanded-metal m^h 
coated with an equivalent ainount of platinum, 
or any other sxiitable electrode metals (for 
instance such as pure titanium or stainless 
steel) in sheet or expanded-metal mesh form, 

50 or graphite. In any event, the anode should 
be made of material which is not dissolved by 
the electrochemical reactions tiiat take place 
when current is passing through the ceM, parti- 
cularly suitable anode materials being plati- 

55 nmn, platinized titanium, and graphite. By 
way of example of the use of graphite the 
outer dectrodfe 24 may be a self-supporting 
hollow graphite cylinder (instead of the stmc- 
turally supported metal sheet or mesh cylinder 

60 shown) or a ring of graphite tods airanzed 
to form in effect a hoMow c^der^ it bong 
imderstood that the terms "hollow electrode" 
and "hollow cylindrical electrode" as used 
herem indude a hollow electrode comprising 

65 such array of rods. 



The inner and outer electrodes 23 and 24 
are connected to the terminals of a direct • 
current power supply 26. As as illustrative 
example of cell aixangement having certain 
advantages for watcrHdemineralizing opera- 70 
tion, the inner and outer electrodes are shown 
as respectively connected to the negative and 
positive terminals of the power supply so that » . 
the inner electrode 23 is the cathode and H& 
outer electrode 24 is the anode, of the cell; and 75 
the further features and structures of the Fig. 
1 ceU are described below as arranged for 
demineralizing operation with this cell pola- 
rity, i.e. with the inner electrode as cathode. 

A pair of cyliiidricai tubular permselective 80 
membranes are positioned in the region be- 
tween the two electrodes 23, 24, in concentric • 
spaced relation to each other and to the elects 
rodes. The inner one of these membranes, de- 
signated 28, is secured at its extremities to the 35 
upper and lower end plates of the cell by 
fustic collars 29 and 30, and is a so-called 
cation-permesdective membrane; i.e. it is fabri- 
cated of or incorporates cation-exchange resin 
and is permeable to cations but substantially 90 
impenneable to anions. The outer membrane, 
designated 32 and simMarly secured to the end 
plates^ by collars 33 and 34, is an anion-perm- 
selective membrane, fabricated of or incorpo- 
rating anion-cxchange resin so as to be sdec- 95 
tively permeable to anions. ITtese membranes 
are hydratdically tight but have high electrical 
conductivity. 

As particularly shown tn Fig. 2, the mem- 
branes 28 and 32 divide the region between 100 
the inner and outer dectcodes into three con- 
centric annular chambers each adapted to re- 
ceive a flow of water. The inner chamber 36, 
defined between the inner electrode or cathode 
23 and the cation-permselective membrane 105 
28, is the catholyte diamber of the cell; the 
intermediate chamber 37, defined on its inner 
side by the membrane 28 and on its outer 
side by the amon-permsdective membrane 32, 
is the deiomzing treating chamber; and "die no 
outer chamber 38, defined between tbe mem- 
brane 32 and the outer electrode or anode 
24, is the anolyte chamber. Since the mem- 
branes 28 and 32 are hvdraulically tig^t, these 
tiiree chambers are hydraulically isolated from 1 15 
each other; i.e. water cannot flow betv^een tiie 
diambers through the membranes. 

The deionizing chamber 37 is filled sub- 
stantially throughout its length with a packed 
bed 41 of divided solid ion-exchange material, 120 
e.g. very preferably adapted to provide both 
positive and negative mobile ions. By way 
of example, and as herdmfter further explain- 
ed, the b^ 41 may comprise a mixture of 
cation-exchange resin partides and anion-ex- .125 
diange resin partides. The bed 41 is in dose 
contact with both membranes 28 and 32, and 
the individual partides in the bed are in dose 
contact vrith each odier, so that the bed pro- 
vides a continuous pa^ for flow of electric 130. 
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current tiirou^ the chamber 3? between the 
maobranes. Preferably the catholyte chamber 
36 is similarly filled with a packed bed 42 
of divided sc^d cation-exchange resin, and 
5 the attolyte chamber 38 is also preferably fiU- 
ed with a packed bed 44 of anion-exchange 
resin particles. . 

Raw water to be treated is introduced to 
the upper end of the ddonizing chamber 37 
10 tfarou^ a condtdt 46^ for downward flow 
through the chamber 37, and the dGEluent 
treated water is discharged froin the latter 
chamber through a second conduit 47. A minor 
flow of the raw water Ccoin the conduit 46 
15 is also supplied to the upper end of the anolyte 
chamber 38^ to constitute die anolyte solution 
* therein, througji an inlet 49 controlled a 
valve 50. tn a preferred, bat not essetrdal, 
arrangement, the anolyte solution is withdrawn 
20 from die lower end of the chamber 38 and 
redrculated through a conduit 52 to the upper 
end of xh& catholyte chamber 36, and then 
flows downwardly through the chamber 36 
as the catholyte solution, being discharged 
25 from the lower end of the catholyte {chamber 
to waste through an oudet 54. 

In the operation of the cell for denuneraliza- 
tion of water, a continuous downward flow of 
water is established and maintained in each of 
30 these three chambers of the cell, while a con- 
tinuous flow of direct current is passed througjh 
the ceil between die outer anode 24 and inner 
cathode 23* Ions contained in the water to.be 
treated (flowing through the chamber 37) are 
35 absorbed into the ion-exchange bed^ 41 and 
migrate through the bed under the influence 
of the current toward die respective electrodes. 
Thus, cations migrate inwardly toward the 
cathdde 23, and are transported across the 
40 cation-peimselective membrane 28 Into the 
catholyte chamber 36, while amons migrate 
outwardly toward the anode 24 and are trans- 
ported tlurough the anion-permselective mem- 
brane i2 into die anolyte chamber 38. In this 
45 way ions are removed bom the water to be 
treated, and transported, through the bed 41 
and the membranes, out of the chamber 37; 
hence the water flowing through the chamber 
. 37 is demineralized, and the iimic cbncentra- 
50 tion of the anolyte and catholyte flows in the 
chambers 36 and 38 is concomitandy increas- 
ed. Although the current also promotes niigra- 
tion of anions, from jche catholyte chamber 36 
toward the anode, and of cations from tiie 
55 anolyte chamber 38 toward the catiiode, tiie 
permsdective membranes 28 and 32 effec- 
tively ii^bibit sudi migration of ions from the 
chambers 36 and 38; consequeidly^ the deioni- 
zation of water in the chaeiber 37 is not sub- 
60 stantiaUy counteracted by inflmc of ions from 
the other two dhambers, but can proceed to 
produce very low etiiluent concentrations. 

At the cathode 23, catiotis (i,e. including 
cations transported from the chamber 37) form 
65 hydrozidcs, witii libetation of hydrogen gas. 



and sizxularly at the anode 24, anions foim 
adds with liberation of oxygen gas. Thus, 
for example, if the cdl of Figs. 1 and 2 is 
employed to deionise water containing sodium 
chlodte, sodium hydroxide and hydrogen form 70 
at the cathode, and hydrochloric add, chlorin e 
and oxygen form at tiie anode. The gases 
liberated at the dectrodes are produced in 
small amotmts, and are in the form of TTiTnTTTe 
bubbles whidi can ordinarily simply be dis- 75 
charged with the waste from the catholyte 
chamber; hence in cells of moderate size, no » 
special provisions for gas discharge are re- 
quired, although in very large units a con- 
ventional form of separating device (not 80 
shown) may be employed to remove tlK gases 
from the waste stream and vent them. 

tn the operation of the cell as described 
above, after a short iiutial start-up period an 
equUibrxum state is achieved and is thereafter . 85 
maintained as long as operating condxtioxis 
rentain constant Under equilibrium condi- 
tions, with a constant cell'cunent, a given 
ii^uent water flowing continuously tlirough 
the chamber 37 at a constant rate is reducM 90 
in concentration by a constant amount. The 
extent of reduction in concentration of the 
water in the chamber 37 is inversdy rdared 
to the flow rate of the water and directly re- 
lated to ^e magnimde of the current through 95 
the celL Thus, if the flow rate is increased 
while the current is held constant^ die amount 
of reduction in concentration will be lessened; 
but the reduction in. concentration of a parti- 
cular influent adiievibd with a given flow rate 100 
at a given current levd noay be attained with' 
a hij^er flow rate if the current is also suffi- 
dendy increased. 

The cdl of the invention, as operated in 
the manner described above, provides con- 105 
tinuous demineraHzation of water, eg. for 
household, industrial, or other purposes. Since 
demineralization proceeds by electrodxalytic 
transport of ions from the treating chamber, 
no interruption of cell operation for r^enera- no 
tion is ever necessary; and the cell can effect 
larger changes in concentration of the treated 
stream than is practicable with conventional 
single pass ion-exdiange systems. At the same 
time, since the ion-exdiange bed 41 together 115 
with the permsdective membranes affords a 
continuous iow-resistance current path across 
the treating chamber 37, power requirements 
for ihe cell are advantageously low even when 
the concentratica of the water under treatment 120 
is very smaU. Thus demineralization of water 
to very low diluent concentrations (e.g. as low 
as 5 p.pjn or lower) can readily and eccmomi- 
caliv be effected by the celL 

The permsdective character of th« mem- 125 
branes 28 and 32 contributes fundamentally 
to effidency and economy of cell operation. It 
will be appredated that as demmeraltzation 
proceeds, anions (such as Q"", SO^"", HOOa— , 
and OHr) existing and formed at the catiiode, 130 
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and cations (such as Na+, K+ Ca^*^, 
Mg+^ and H+), existing and formed at the 
anode, will tend to be transported into xht 
treating, cham ber 37, under the influence o£ 
5 the current flowing across the cell, with un- 
desirable consumption of power; hence the 
membranes 28 and 32, by inhibiting such ionic 
transport by virtue of their permselectivity, 
substantially reduce power losses in the cell 
10 The concentric cylindrical arrangement of 
the cell chambers and membranes provides 
further important advantages especially in en- 
abling economical operation of the cell at high 
now rates, as necessary for practical, efficient 
15 water treatment for household and industrial 
purposes. In particular, the cylindrical con- 
figuration of the membranes aSords markedly 
superior mechanical stability for the mem- 
branes, with the result that the contact be- 
.20 tween the membranes and the bed 41 required 
CO maintain low cell resistance is not impaired 
even when the fluid pressure differentials 
across the membranes arc relatively large, as 
occasioned by high flow rates. Furthermore, 
25 although the invention is not limited to this 
or any other theory, as a consequence of ihe 
geometry of the cell the ohmic resistance varies 
with the logarithm :f the ratio of the dia- 
meters of the membranes 32 and 28 and con- 
30 sequently this resistance does not increase as 
rapidly as the radial distance between mem- 
branes 28 and 32, with the result that the 
power required per unit volume of water under 
treatment, to effect a given concentration 
35 change, decreases as the cell dimensions are 
increased to accommodate larger flow- rates. 

These and other advantages of the present 
cell in the foregoing and other embodiments 
thereof are achieved, as indicated above, by 
40 the tubular arrangement of the ceJl having an 
omer electrode concentrically surroimding the 
inner electrode and further 'having the space 
between the electrodes divided into a plurality 
of chambers for receiving aqueous electrolytic 
45 solutions by a plurality of mbular permselec- 
tive membranes disposed in concentric relation 
to each other and to the electrodes, together 
with the provision of a bed of ion-exchange 
material in at least one of the chambers for 
50 enhannng elecaical conductivity therethrough. 
The term "tubular membrane" as used here- 
in is to be imderstood to refer to a membrane 
in the form of a tube, whether of cylindrical 
or other configuration, Lc. a membrane which 
55 cornpletely laterally surrounds a region internal 
thereto. Although cylindrical configuration (as 
shown in Figs. 1 and 2) especially of the two 
mbular permselective membranes is regarded 
as unustially advantageous and a special feature 
60 of the invention, it is conceived that other cell 
configurations may be employed and realize a 
substantial measure of the advantages described 
especially where the radial distance between 
the two membranes is substantially uniform 
65 around the cell. 



It is to be understood also that the elea- 
rodes may correspondingly be odier than 
cylindrical in shape and indeed may depart 
from true cylindrical configuration even when 
the membranes are themselves q^dricaL 70 
Thus, for instance, in the cell of Figs. I and 
2 the inner electrode 23 could be other than 
circular (e,g. square) in cross-section, and the 
outer electrode 24 could simflarly be, for ex- 
ample, square or rectangular in cross-section. 75 
Also, and as indicated above, either or both 
these electrodes may comprise several discrete 
elecuode pieces instead oC a single continuous 
electrode body or piece as shown. 

Referring now further to the particular em- 80 
bodiment of the invention illusuated in Figs. 
1 and 2, it may be explained ihax die pro- 
vision of the inner electrode as the cathode;) 
and the outer electrode as the anode, repre- 
sents an arrangement for minimizing electrode 85 
corrosion. This is because the anode is more 
susceptible to corrosion than die cathode. 
Since ihe current density at the outer electrode 
is lower than at the inner dectrode, provision 
of the anode as the outer electrode reduces 90 
anode corrosion. 

Another advantage of arranging the cell of 
Figs. 1 and 2, for demineralizing operation, 
with the inner electrode- as cathode, is that 
the anion-permsdective membrane is then the 95 
outermost of the two membranes (as described 
above) and hence has. a larger surface area 
than the cadon-permselecdve membrane, with 
the result that the current density on the 
anion membrane is lower than that oa the 100 
cadon membrane. For-optimmn efficiency of 
cell operauon, it is in general preferable that 
the current density on the anion-permselecdve 
tnembrane be as low as possiMe, i.e. lower 
than that on the cadon membrane, because 105 
anion membranes ordinarily have lower ex- 
change capacides than cadon membranes and 
consequendy anion membranes have iu gener- 
al higher ohmic resistance than cadon mem- 
branes (for example, a typical rado of anion 110 
membrane exchange capacity to cadon mem- 
brane exchange capacity is 2.*5:4). . 

However, it is to be understood that the 
aforemendoned pcdarity of the Fig. 1 cell may 
be reversed, so that the outer electrode 24 115 
is the cathode, and in sudh case, for deminera- 
lizii^ operadon, an aruon-permsdecdve mem- 
brane is used as the inner membrane 28 while 
a cadon-permselecdve membrane is used as the 
outer membrane 32. In this events the outer 120 
chamber 38 is the catholyte chamber of the 
cell and the inner chamber 36 is the anolyte 
chamber; thus when beds oi ion-exchange 
material are used in these chambers die bed 
in chamber 38- preferably includes cadon-ex- 125 
change material and diat in chamber 36 pre- 
ferabl^r includes anion-exchange material. Cdl . 
operadon proceeds as described above except 
that cadons migrate outwardly, and anions 
migrate inwardly, from the treating chamber 130 



6 



1,13^679 



37, Also, ia such case the anolyte effuent ^.e. 
rhc solution discharged from inner diamber 
36) may be recirculated through the catholyte 
(outer) chamber 38^ this circulation of TOter 

5 from the inner to the outer electrode chamber 
. provides a slightly add condition in the outer 
compartment which inhibits precipitation of 
"hard'* (e.g, mapesium and" calcium) ions 
therein thus minuxuzing sludge deposition in 

10 die outer chamber. 

Similarly, the directions of Uquid flow 
dirough the ceU provided by the conduit 
system shown in Fig. 1 are preferred for opti- 
mum cell operation. Thus it is very preferable 

15 that the flow of water be directed dow nwa rdly 
through the chamber 37, since if the flow were 
directed upwardly it would tend to back-wash 
the resb, to float or suspend the particles, 
•interrupting the dose interpartide* contact 

20 which is necessary to provide the desired low- 
resistance current path through the chamber 
37. This is particularly true in cases where 
a rdarively high flow velocity is desired 
through the treating chamber. In some cases, 

25 however, it may be desirable to have the flow 
the other way, i.e. directed upwardly through 
the chamber 37. 

The flow rate through the anolyte and catho- 
lyte chambers is ordinarily substandally lower 

30 dian that in the treating chamber 37, e.g. 
one-tenlh that in the latter chamber, being 
merely suffident to prevent excessive build-up 
of ionic concentradon in the anolyte and catho- 
lyte chambers such as might cause back-dif- 

35 fusion of ions to the treating chamber. Also, 
espedally in the catholyte chamber, excessive 
concentradon of ions (Le. excessive alkalinity) 
may result in predpitadon of sediment, parti- 
ally or even completely dogging the bed there- 

40 in. It is further preferred that the flow rate 
be directed downwardly in these dectrode 
chambers, but this is less important than in 
the treating chamber because the flow rate in 
the dectrode chambers is, as stated, ordinarily 

45 low; also, the anolyte and catbolyte solutions 
are rdativdy highly conductive since they con- 
tain substantial concentration of ions, and for 
that reason the resistance of the anolyte and, 
catholyte chambers would not be unduly in- 

50 creased even if interpartide contact in the 
beds in those chambers were disturbed by an 
upward flow of water. Thus upward flow may 
be provided in the latter chambers if desired. 
Li addition, it is preferred, as shown, to 

55 circulate the water from the anolyte chamber 
through the catholyte chamber. Since add is 
produced in the anolyte chamber, this circu- 
lation provides the catholyte chamber with a 
catholyte having an initial pH bdow 7. The 

60 low pH of the catholyte liquid thereby pro- 
vided minimizes scale predpitation, e.g. pre- 
dpitation of carbonates, sulfates, etc., in the 
catholyte chamber. However, the cell can also 
be operated with separate flows through the 

65 two dectrode chambers, i.e. without recircula- 



tion of the anolyte effluent through the catho- 
lyte chamber. 

For control of the pH in the dectrode cham- 
bers, and specifically to maintain the pH of . 
the influent to the catholyte chamber at a 70 
desired value, provision may be made for in- 
troducing water to or witbdawing water from 
the circulating flow of water intennediate the 
anolyte and catholyte chambers. Thus, for 
example, in the cell of Figs. 1 and 2 a valved 75 
inlet pipe 55a and a corresponding valve out- 
let pipe 55b may be connected in the conduit 
52 between the latter chambers. Raw water 
may be injected through inlet 55a as a buffer 
(and/or some of the anolyte effluent solution 80 
may be withdrawn through outiet 55^ to hold 
the pH of the solution entering the catholyte 
chamber 36 to a desired value. If the polarity 

the cell is reversed as described above, cor- 
responding arrangements for injection of buffer 85 
water and withtowal oi circulating anolyte 
effluent may be made in the line through 
which the electrode solution circulates from 
the inner to the outer chamber. Such arrange- 
ments and procedures for controlling the pH 90 
of the catholyte influent may or may not be 
employed, depending on the dcsiramlity and 
osivenience of such control in particular in- 
stances. 

Since, as stated above, the anolyte and 95 
catholyte liquids are themsdves rdativdy con- 
ductive, because of their comparativdy hi^h 
ionic concentration, the beds 42 and 44 in 
these respective chambers may be provided 
by non-conductive inert materids such as glass 100 
beads, although use of ion-exchange materials 
in these beds is preferred, to enhance con- 
ductivity; also, if desired, these beds 42 and 
44 may each comprise a mixture of both 
anion-exchange material and cation-exchange 105 
roaterial, although only the cation-exchange 
material in the catholyte chamber and only 
the anion-exchange material in the anolyte 
chamber contribute to enhancement of con- 
ductivity. When the beds 42 and 44 are inert, 110 
conduction of current through the latter cham- 
bers is provided by the anolyte and catholyte 
liquids, and the beds of inert materials serve 
merdy to equalize the hydrostatic pressure on 
the membranes. Indeed, in some cases, parti- 115 
cularly in cells of short axial length, the beds 
42 and 44 may be entirely omitted, the 
cylindrical conflgtiration of the membranes 
being suffident to maintain them in contact 
with the ion-exchange bed 41 in the treating 120 
chamber even when the anolyte and catholyte 
diambers are filled only with water. When the 
beds 42 and 44 are inert or arc absent, how- 
ver, the anolyte and catholyte chambers should 
be rdativdy narrow, to minimize the length 125 
of die current path (and hence the resistance) 
through these chamben. 

To constitute the bed 41 in the treating 
chamber 37, as weU as the beds 42 and 44 
in the catholyte and anolyte chambers, it is 130 
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presently preferred to use ion-exchange mater- 
ial in a particle size of about 50 mesh, that 
is, predominantly of a particle size approxi- 
matmg that selected in a screening separation 

S upon passing through a U.S. standard No. 50 
screen, whidi has roughly 50 openings per 
linear inch. If the particles are excessively fine, 
liquid flow throu^ the beds is impeded; on 
the other hand, if the panidcs are too coarse, 

10 ±t ionic flow through ±e beds is undesirably 
reduced. 

The bed 41 in the treating chamber 37 may 
comprise either anion-exchange or cation- 
exchange material (e.g. resin) or very prcfer- 

15 ably bodi. While a demineralizing cell of the 
type shown in Figs. 1 and 2 still partakes 
oi the advantages of the invention when the 
treating chamber bed comprises only a single 
charge-type ion-exchange material, it is very 

20 preferable (for reduction of cell power require- 
ments) that the bed 41 be adapted to provide 
both positive and negative mol^e ions. 

As mentioned above^ it is also preferrred 
that the beds be composed of ion-exchange 

25 resins and in particular that the treating cham- 
ber bed 41 comprise aniwi-exchange resin 
particles and cation-exchange resin parti- 
cles. The latter bed is convenientiy pro- 
vided as a physical mixture of the resins; how- 

30 ever, it is not necessary that the constituent 
resiiK be evenly dwpersed throughout the bed, 
and indeed die anion-exchange and cation-ex- 
change resin partides may even be arranged 
in separate layers. As an example of the latter 

35 arrangement the bed 41 may be divided into 
concentric vertical layers of cation-exchange 
resin and anion-exchange resin, the cation-ex- 
change resin lay«r being contiguous to the 
cation-permselective membrane . 28; the two 

40 layers may be separated from each other by a 
light plastic screen, or a soluble screen which 
disappears upon operation of the cell, the 
purpose of the screen being merely to pro- 
vide discrete layers of the two resins. If the 

45 water under treatment in the chamber 37 
should chaimd in the layers, the cations in the 
water in the anion-exdiange layer and the 
anions in the water in tl^ cation-exchange 
layer will nevenhdess migrate through the 

50 solution; this may to some extent raise the 
resistance of the cell and increase power rc- 
quiren^ents, but the power requirement of the 
present cell is so low that such increase would 
not detract significandy from economical 
55 operation. 

The cation-exchange resin particles and 
anion-exchange resin partides in the bed 41 
(whether provided in mixture, or arranged in 
layers) xnay be present in substantially equd 
60 proportions by vdume, or in other relative 
proportions, depending in particular on the 
ionic content of the raw water to be treated and 
the desired pH of the effluent treated water. 
While the pH of the treated effluent varies 
65 depending on operating conditions with a bed 



of any given compositicm, it is found that the 
ratio of anion-exchange resin to cation-ex- 
change resin present in the treating cham- 
ber bed is among the factors determining such 
effluent pH. Thus, for example, in the de- 70 
ionization of water containing sodium sulfate, 
provision of a treating chamber bed com- 
prising cation-exchange resin and anion-ex- 
change resin in substantially equal parts by 
volume tends to reduce the pH of the treated 75 
water and hence to result in an acid effluent 
which is undesirable for many purposes. On 
the other hand, use in the treating chamber 
of a bed contaimng 30% cation-exchange resin 
and 70% anion-exchange resin (by volume) 80 
tends to increase the pH of sodium sulfate- 
containing water during demineralization, at 
least when the effluent concentration is low. 

In general, it is preferred for usual water 
purification to provide the anion-exchange and 85 
cation-exchange resins in the bed 41 in such 
relative proportions so as to produce a neutral 
effluent. The optimum proportion of resins 
for this purpose is dependent on the ionic 
content of the water to be ueated as well as 90 
on other faaors,, e.g., the nature of the mem- 
branes used, and conditions ci operation; in 
some cases, as in the demineralization of water 
containing carbonate or bicarbonate ions, it 
may be necessary to employ more cation-ex- 95 
change resin than anion-exchange resin in the 
bed 41 to achieve a neutral effluent For treat- 
nient of water of any given ionic content, such 
optimum proporti<His can readily be deter- 
mined by simple tests using ion-exchange beds 100 
having cation and anion-exchange resins in 
various ratios. 

Any suitable ion-exchange resins may be 
used in the mixed bed 41 (as well as in the 
catholyte and anolyte beds 42 and 44). It is 105 
particularly preferred to employ synthetic ion- 
exchange resinsj and of these, strong add 
cation-exchange resins and strong base anion- 
exchange resins are preferred, as it is desir- 
able to use highly ionized resins, and the 110 
stronger the acid or base, the more highly 
ionized is the resin. Resins particularly suit- 
able for the bed 41 are sulfonic-add type 
cation-exchange resins and quaternary-am- 
monium type anion-exchange resins. By way 115 
of specific example, the bed 41 may consist 
of a mixture of lonac C — 240 cation nudear 
sulfonic strong add resin and lonac A — 540 
anion quaternary-ammonium strong base resin, 
both these resins being commercially available 120 
horn lonac Chemical Company. 

Examples of other cation-exchange resins 
suitable for use in the cell of Figs, 1 — 2 in- 
dude phenolic resins containing methylene 
sulfonic strong add groups such as the resins 125 
C — ^3 and C---10 manufactured by Chemical 
Process Company and "Zeo-Karb" (Registered 
Mark) manufactured by the Permuut Com- 
pany; polystyrene resins containing nuclear sul- 
fonic strong add groups such as resins C— 20, 130 
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C— 20X10, C— 20X12 and C— 25 manu- 
factured by Chemical Ptocess Company, re- 
sins 50, 50— XIO and 50— X12 manufactured 
by Dow Chemical Company, resin C--240 
5 manufactured by lonac Chemical Company 
and resins IR-.120, IR— 122 and IR— 124 
manufactured by Rohm and Haas Company; 
acrylic resins containing carboxylic groups, 
e.g. "Amberlite" (Registered Trade Mark) 

10 IRC— 50 manufactured by Rohm & Haas 
Company and "Zeo-Karb" 226 manufactured 
by Permutit Company; and resins contaiirung 
phosphonous acid, phosphonic acid and phos- 
phone acid groups such as resins ES — 62, 

15 ES— 63 and ES— 65 manufactured by Chemi- 
cal Process Company. Examples of other suit- 
able anion-exchange resins include styrene 
resins containing quaternary-ammonium strong 
base groups, c.g. "Amberlite" IRA— 400, 

20 IRA— 401 and IRA— 410 manufactured by 
Rohm & Haas Comoany, "Dowex 1 (Nalcite" 
(Registered Trade Mark) SBR) and *T)owex 
2 (Nalcite" SAR) manufactured by Dow 

_ Chemical Company, 'Duolite" Registered 

25 Trade Mark) A— 101 and A— 102 manufactur- 
ed by Chemical Process Company, and 'Ter- 
mutit" (Registered Trade Mark) S— 1, S— 2 
and FF resins manufactured by Permutit Com- 
pany; styrene resins containing weak base 

30 groups, e.g. "Amberlite" IR— 45 manufactured 
by Rohm & Haas Company and D owez 3 manu- 
factured by Dow Chemical Company; pheno- 
lic resins containing weak base groups (second- 
ary and tertiary amine) e.g. "Amberlite-' IR— 

35 4B manufactured by Rohm & Haas Company, 
and ^ThioHte" A— 114, "Duolite" A— 4 and 
*T>uolite" A— 7 resins manufactured by 
Cheniical Process Comp^nj. The numerical 
type designations of resins menticmed above 

. w are as understood from infonsaiioa heretofore 
available in the industry. 

While cation-exchange resins and anion-ex- 
change resins, as exemplified by the materials 
mentioned above, are presendy preferred for 

45 the beds of the present cell, other ion-exchange 
materials may also be employed; for example, 
sulfonated coal, or inorganic cation-exchange 
materials sudi as zeolites may be used to pro- 
vide the cation-exchange constituent of the 



beds. Also, the bed 41 in the chamber 37 50 
may be constituted of a material providing 
both positive and negadve mobile ions^ such 
as a b^olar resin. A bipdar resta is a resin 
having both cation and anlon-exchange groups; 
these groups can be trapped one inside an- 55 
other (providing a so-<alled "ion-exchange . 
allo^*) by polymerizing a cation exchanger in- 
side an anion-exchange resin^ or they can be 
chemically bonded to the same polymeric 
structure. One example of a bipolar resin suit- 60 
able for use in the bed 41 is the resin de- 
signated AG 11A8, manufactured by Bio- 
RAD Laboratories, which is imderstood to be 
prepared by polymerizing an acrylic acid 
(catioDL exchanger) inside the "Dowex" 1 (Dow 65 
Chemical Company) anion-exchange resin, to 
provide both cation and anion-exchange sites 
so tha? the resin will absorb both anions and 
cations from solutions witii which it comes j 
in contact 70 

The peraiselective membranes 28 and 32 
may be any suitable cation-permselecdve and 
anion-penqselective membranes, re^ecdvely; 
thus they may be either heterogeneous mem- 
branes, wherein an. ion-exchange resin is dis» 75 
persed into a matrix (usually a film-forming 
type of plastic, parchment paper, cr fabrics 
inpregnated with mixtures of resin and pdy- 
mers), or homogeneous membranes^ whidi are 
obtained ordinarily either by chemical reac- 30 
tioDs between the active groups and the poly- 
meric matrix, or-by dissolving. the action ion- 
exchange nqateriab and the polymeric niatrix 
in a common solvent (inteipolymer tedmique). 

Particular- examples of membranes suitable 95 
for use as the membranes 28 and 32 in tiie 
cdl of Figs. 1—2 are the loaac MC— 3142 
cation-permeable membrane and the lonac 
MA— 3148 anion-peimeable membrane both 
conuQercially available from lonac Chemical 90 
Company, These are heterogeneous mem- 
branes, which are understood to be prepared 
by suspending partides of ion-exchange resins 
in a solution of a polymer dissolved in a 
solvent and impregnating this suspension onto 95 
a. fabric matrix; both membranes are under- 
stood .to have the following approximate com- 
position : 



Wdgfat% 



Ion-exchange resm 30.O 

Binder matrix 30.O 

Opolymethyl-methacr^late) 

Fabric ("Dacron") (Registered Trade Mark) 40.0 



100 Transport numbers for these membranes have given for these membranes by the manu- 
been determined as 0.938 for the MC— 3142 facturer are as follows: 
and 0.888 for the MA— 3148. Otiicr properties 
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MC-3142 MA--3148 



10 



15 



20 



25 



30 



Area resistance (ohms-cm') 

inCINNaa 

inl.ONNaa 

Thickness (mils) 

Burst strength (psQ 

Water permeability 
(mI/hr/£t«atlOpsO 

Capacity (numequivalent/cm^ 

Stability 

Dimensional 

Add 

Alkati 

Drying-Rewctting 
Salt 

Oxidizing Agents 



15 


56 


11 


22 


6 


7 


190 


190 


2.4 


0 


0.021 


0.012 


Good 


Good 


Good 


Good 


Poor 


Poor 


Good 


Good 


Good 


Good 


Good 


Good 



Other examples of heterogeneous mem- 
branes suitable for use in the present cell 
include "Permaplex" (Registered Trade Mark) 
C— 20 and "Permaplex** A— -20 manufactured 
by Permutit Company, which are understood 
to be prepared by the incorporadon of sul- 
fomc acid aidon-exchange resins or quater- 
nary-ammonium anion-exchange resins into a 
polymer, e.g. polyethylene, polyvinyl chloride 
rubber or other polymers or elastomers; lonac 
XLMC— 3235 and XLMA— 3236 membranes 
manufactured by lonac Chemical Company, 
which are understood to be fabric-supported 
membranes in which polypropylene is the sup- 
porting fabric; the CM— 10 and AM— 10 
fabric supported membranes manufactured by 
Asahi Glass Company, Yokohoma, Japan; the 
C — 15 and A — 15 membranes manufactured 
by Pcrmutk Company, which are understood 
to be fabricated by treating a heavy paper with 
a mixture of phenol, phenolsulfonic acid and 
formaldehyde followed by condensation reac- 
tion (to produce the cation membrane, guan- 
idine being used as the active material to pro- 
duce the anion-permeable membrane): and the 
TCX~.l, TCX-.2, TCX— 3 and TCX-4 
fabric-supported membranes manufactured by 
Toyo Soda Manufacturing Company, Tokyo, 
Japan. 

Examples of homogeneous membranes suit- 
able for use in the cell of Figs, 1—2 indude 
membranes C and A manufactured by Asahi 



Chemical Industries, Tokyo, Japan; Nalfilm 1, 
Nalfilm 2, Nalfflm 3, and Nalfflm 4' manu- 35 
factured by the Nalco Chemical Company; 
men;branes C — 60 and A— 60 manufactured 
by Cn— TNO, of the Hague, Netheriands, 
which are understood to be prepared by swell- 
ing a pdyethylene sheet in a mixture of 40 
styrene and divinyi benzene, carrying out the 
polymerization at an elevated temperature 
followed by sulfonation or aminarion to pro- 
duce the desired (cation-permeable or anion- 
permeable) membranes; C— 103— Q A— 45 
104— B, C— 312, C— 110— C and A— 110 
manufactured by American Machine and 
Foundry Company; membranes C and A pro- 
duced by Imperial Chonical Industries of 
London; and membranes CR— 61A and AR— 50 
11 A xnanufactured by Ionics Incorporated of 
Cambridge, Massachusetts, which are under- 
stood^ to be fabricated by copolymerization 
technique wherein styrene and cuvinyl benzene 
are copolymerizcd in the presence of toluene, 55 
the copolymerization being carried out . in the 
presence of a fabric or later cast upon the 
fabric and. the usual chemicd procedures being 
employed to introduce fixed ionic groups. 

Although the cell of Figs. 1—2 has been 60 
specifically described above as arranged and 
operated for dcmineralization of water, it is 
to be understood that an a broad sense the 
procedures and apparatus of the present in- 
vention have gcner^ application in effeaing 65 
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transfer of ions to or from aqueous electroly- 
tic solutions (including water of high Duzity), 
and in all such cases have spedal advantages 
from the standpoint of economy, paidcularly 
5 in affording effective ion transfer with tow 
power requirements where one or more of the 
streams passmg through the cell are highly 
dilute. 

Thus for exan^le, a cell having the struc- 
10 ture shown hi Figs. 1—2 may be arranged, in 
accordance with the invention, to produce a 
concentrated effluent from the treating cham- 
ber 37, i.e. for use in cases where it is de- 
sired to concentrate one or more ions in an 

13 aqueous electrolytic solution. In this instance, 
utilizing a cadon-permselectivc inner mem- 
brane 28 and an anion-pcrmselcctive outer 
membrane 32, the inner electrode 23 is con- 
nected as the anode of the ceU and the outer 

20 electrode 24 is conncaed as die cathode. The 
aqueous electrolytic solution or solutions (not 
necessarily the same as the solution in the 
treating chamber 37) which serve as the source 
of ions flow through the inner and outer ceU 

25 chambers 36 and 38, while tiie stream in 
which the ions are to be concentrated flows 
through the treating chamber 37. Under the 
influence of the current, cations migrate from 
the inner electrode chamber 36 through the 

30 cation-permselective membrane 28 to the treat- 
ing diamber while anions migrate from the 
outer dcctrode chamber 38 to the treating 
chamber through the anion-permselectivc 
membrane 32; at the same time, the perm- 

35 selectivi^ of the membranes inhibits migra- 
tion of ions out of the treating chamber. In 
this manner, the ions are concentrated in the 
treating chamber stream to produce the desired 
concentrated effluent. 

40 ^ Further, in accordance with the invention, 
in the concentratmg cell just described one or 
more of the cell chambers is substantially filled 
with a packed bed of ion-exchange material, 
to enhance the conductivity through such 

45 chamber or chambers. By way of specific ex- 
ample, to enable one or both of the ion-source 
solutions flowing through theinner and outer 
chambers 36 and 38 to be diluted to very 
low concentration levels during passage 

50 through the cell, yet with low cell power 
requirements, beds of ion-exchange material 
(Le, corresponding to the beds indicated at 
42 and 44) are provided in one or both of 
these chainbers. The charge type or types of 

55 ion-exchange material cmoloyed b th^e beds 
are preferably seleaed to effect the desired 
ionic transport thrbugh the respective cham- 
bers; e.g. the bed 42 in chamber 36 may com- 
prise cation-exchange resin or a mixture of 

60 cation and anion-exchange resins, while the 
bed 44 in chamber 38 may comprise anion- 
exchange resin, or again, a mixture of the 
two types. A bed of ion-exchange material 
(or of inert particles, to equalize hydrostatic 

65 prcssmre on tiie membranes) may also, if de- 



sired, be provided in the treating chamber 37. 

In the concentrating cdl it is advantageous, 
for current efBciency, tiiat the inner electrode 
be the anode, because in such cases the anion 
membrane is the outer membrane and hence 70 
has a larger area (with correspondingly low- 
er current density) xhzn the cation memb/ane. 
However, the concentrating cell may ilso .be 
arranged to operate with the outer electrode 
as anode; in this event, for concentrating 75 
operation a cation-permselective membrane is 
used as the outer membrane 32 and an anion- 
permselective membrane is used as the inner 
meml^ane 28. 

Referring now to Fig. 3, there is shown in 80 
horizontal cross-secticsi another embodiment 
of the invention. The ceil of Fig. 3 is general- 
ly similar in construction to tiiat shown in 
Figs. 1 — ^2, and thus includes an axialiy verti- 
cal shell 11 within which inner and outer 85 
cylindrical electrodes 23, 24 are disposed in 
concentric spaced relation and respectively sup- 
ported by a central rod. 18 and by the shell. 
This ceil, however, further includes a plura- 
lity of tubtilar, e.g. cyiindrical cation^erm- 90 
selective membranes azd a plurality of tubular, 
e.g. cylindrical, anion-permselective mem- 
branes, disposed in the annular region inter- 
mediate the inner and cuter electrodes, in con- 
centric spaced relation to each other and to 95 
the electrodes. In this array of membranes, the 
cation-permselective membranes alternate with 
the anion-permselective membranes so that 
adjacent membranes are respectively selective- 
ly permeable to ions of opposite charge types; 100 
specifically, the inner electrode 23 is sur- 
rounded by a cation-permselective membrane 
56, which is successively followed by an anion- 
permselective membrane 57, cation-permselec 
tive inembrane 58, aniGn-permselective mem- 105 
brane 59 and cation-cermselective membrane 
60. 

These membranes 56 — 60 divide the annular 
region between the dectrodes into six con- 
centric annular chambers for receiving water, HO 
The innermost chamber, designated 62, is the 
catholyte chamber of dse cell, and the outer- 
most chamber, designated 63, is the anolyte 
chamber, the inner and outer electrodes of the 
cell bemg connected to a suitable DC power ns 
supply (not shown) so that the inner electrode 
constitutes the cathode of the cell. The four 
chambers intermediate the inner and outer 
chambers are each bounded on one side by a 
cation-permselective membrane and on the 120 
other by an anion-permseleaive membrane. 

Proceeding radiaHy outward from the catho- 
lyte chamber 62, the intermediate chambers 
of the cell comprise a first deionizing chamber 
64, bounded on its itLoer side by the cation 125 
membrane 56 and on its outer side by the 
anion membrane 57; a first concentrating 
chamber 65, bounded on its iimer side by the 
membrane 57 and <m its outer side by the 
cation membrane 58; a second deionizing ISO 
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chamber 66, bounded on its inner side by 
the membrane 58 and on its outer side by 
the anion membrane 59; and a second con- 
centrating chamber 67, bounded on its inner 

5 side by the membrane 59 and on its outer side 
die cation membrane 60. Thus, in short, 
there are two ddonizing chambers 64 and 66, 
each bounded on its inner side by a cation 
membrane, and separated from each other by 

10 the concentrating chamber 65; and there are 
two concentrating chambers 65 and 67, each 
bounded on its inner side by an anion mem- 
brane, and separated from each other by the 
deionizing chamber 66. 

15 ^ Each of the deionizing chambers 64 and 66 
is substantially filled with a packed bed of 
divided solid ion-exchange material very pre- 
ferably adapted to provide both oositive and 
negative mobile ions, and conveniendy com- 

20 prising a mixture of cation-exchange resin 
particles and anion-exchange resin particles; 
i.e. these beds, respcctivdy designated 70 
^^J\> be of the same composition as 
the bed 41 of the demineraUzing ceH of Fig. 

25 1, and the considerations relating to bed com- 
position discussed above for the latter bed are 
equally applicable to diese beds. The beds 
70 and 71, like the bed 41 in Fig. 1, are 
contiguous to the chamber-defining membranes 

30 and serve to reduce the resistance in the de- 
ionizing chambers by providing a path f<x cur- 
rent flow and ionic transport. 

The concentrating chambers 65 and 67 are 
also pr^erably filled witii packed beds 72, 

35 73 of divided solid material, to eaualize the 
hydrostatic pressure in tiiese chanibers with 
tiiat in the deionizing chambers. Although the 
beds 72, 73 may be composed of ion-ex- 
change material, e.g. a mixture of cation and 

40 amon-exchange resms similar to that in the 
beds 70 and 71, to enhance conductivity in 
the concentrating chambers, the ionic con- 
centrations of the solutions in the latter cham- 
bers (as hereinafter more fully explained) are 

45 ordinarily of such magnitude that the solu- 
tions themselves have relatively high conduc- 
tivity; hence die beds 72, 73 in die concentrat- 
ing chambers may be composed cf inert mater- 
ial sudi as glass beads. As in the case of the 

50 cell of Figs. 1—2, the catiiolyte and anolyte 
chambers 62 and 63 are nreferably filled with 
packed beds 74, 75 of divided solid cation and 
amon-exchange resins, respectively, althougii 
again the beds 74, 75 may be composed of 

55 inert material such as glass beads or may in 
some cases be omitted entirely. 

In the (deration of the cell of Fig. 3, con- 
tmuous flows of water are passed (very pre- 
ferably in a downward direction) through the 

60 six chambers of the cell, while <6rect currrent 
is continuously passed through the cell. This 
current promotes migration of cations inward- 
ly toward the cadiod*^ and of anions outward- 
ly toward the anode, in each of the ceH cham- 

65 bers. In the first deionizmg chamber 64, 



cations from the water flowing thercdirough 
are transported through the cation-permselcc- 
tive manbrane 56 into the catholyie chamber 
62^ while anions are transponed tiirough the 
anion-permsdective membrane 57 into the first 70 
concentrating chamber 65. Similarly cations 
migrate from the second deionizing chamber 
66 through the cation-pcrmsdccrive mem- 
brane 58 into diie chamber 65, and anions 
migrate firom the chamber 66 through the 75 
anion-pcrmselcctive membrane 59 in to the 
second concentrating chamber 67. Cations 
migrate into the chamber 67 from the anolyte 
chamber 63 through die cation-permselcctive 
membrane 60. 30 

Migration of cations and anions from the 
concentrating chambers 65 and 67 in tiiis 
cell is substantially prevented, because, as^ 
stated, the current promotes inward migration 
of cations and outward migration of anions; 85 
and the inner wall of each of the concentrating 
chambers is an anion-petmsdective membrane, 
substantially impermeable to cations, while the 
outer wall of each of diese chambers is a 
canon-peimselective membrane, substantially 90 
impermeable to anions. Consequendy, the 
water passing through the ddonizing cham- 
bers 64 and 66 in demineralized or reduced 
in ionic concentration, in the same manner 
as the water passing through the treating 95 
diamber 41 of the cell of Figs. 1—2 and at 
the same time the water flowing through the 
concentrating diambers 65 and 67 increases 
in ionic concentration. 

The cell of Fig. 3 may be employed to 100 
eSect ^ther demi^ralization or concentration 
of water, i.e. either the effluent from the de- 
ionizing chambers 64 and 66, or that from 
the concentrating chambers 65 and 67, or bodi 
effluents, may <»nstimtc die desired product. 105 
In dther event, the deionized effluent and the 
concentrated effluent are discharged separately 
from the ceil. The anolyte and catholyte 
streams are preferably discharged from the 
lower aii4 of die cell, mixed togedier, and 110 
then recirculated through the anolyte and 
catholyte chambers. 

As wiU be appreciated, the cell of Fig. 3 
operates in a manner similar to that of Fip. 
1 — 2 and affords like advantages. By way of 115 
furdier illustration of the operation of the 
cdl of Fig. 3, for deionization of water, flows 
of raw water may be introduced to the upper 
ends of the several chambers of the cell for 
downward flow therethrough; the effluents 120 
from the two ddonizing chambers are dis- 
charged together as the desired demineralized 
product. In such operation the two deionizing 
diambers operate in paralld, treating separate 
flows of the raw water. Altemativdy, the de- 125 
ionizing chambers may be operated in scries, 
with raw water supplied to only one of the de- 
ionizing chambers and the effluent of that- 
ch amber then circulated through the other; in 
ibis arrangement, approximately half of the 130 
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desired reduction in concentration may be ac« 
con^)lishcd in the first deioniziog chamber and 
half in the second, and the effluent of the 
latter is the product demineralized water. 
5 Similarly, the concentrating chambers may be 
operated either ia parallel or in series for pro- 
duction of a cc«icentrated produa water. 
Furthermore, such parallel or series arrange- 
ment could be operated with either down- 
ward and/or upward flows, in the deionizing 
chambers, concentrating chambers, and elec- 
trode chambers. 

It will be imderstood that the cell of Fig. 
3 is exemplary of multi«chamber cells coa- 

15 stracted in accordance with die present in- 
vention; cells having a larger number of treat- 
ing chambers may be provided by including 
additional membranes between the inner and 
outer electrodes. 

20 Still another cell arrangement in accordance 
with the 'invention is shown in cross-sectional 
view in Fig. 3a. The cell of Fig. 3a again 
xndudes an inner electrode 23 shown as sup- 
ported on rod 18 and outer electrode 24 con- 

25 centrically surrounding the inner electrode in 
spaced rdation thereto and shown as support- 
ed by shell 11. In this embodiment, however, 
the region between the electrodes is divided 
into two concentric annular treating cham- 

30 bers 75, 77 (each adapted to receive a flow 
of aqueous dectrolytic solution) by a smgle 
tubular cylindrical permsdective membrane 78 
disposed intermediate the inner and outer dec- 
trodes in concentric spaced rdation to the 

3^ dectrodes. The membrane 78 may be dther 
anion-pem:isdecdve or cation-permsdective 
depending on the manner in which tiie cell is 
to operate, as heremafcer funher es^lained. 
The cell of Fig. 3a may be used in a 

40 variety of operations to transfer some parti- 
cular ion from a scdution flowing through one 
of the chambers 76, 77 to a solution flowing 
titroui^ the other chamber. Examples of sudi 
operations are the recovery of sulfuric add 

^ from a spent pickling bath and the 
recovery <k chromiimi from a spent 
plating bath. As a specific instance of the first 
mentioned operation, the dectrodes of the 
Fig. 3a cdl are connected to a suitable direa 

50 current supply so that the inner dectrode is 
the anode, die membrane 78 being an anion- 
permsdective membrane. A stream of spent 
pickling bath containing iron sulfate (FeSOO 
is advanced dirough die outer chamber 77, 

55 . while ti^.aqueous stream in wl^h the sulfuric 
add is to be collected passes through die tnnf*r 
chamber: 76. Under the influence of the cur- 
rent, anions (SO^ migrate from the outer 
diamber to the iniMr chamber, and thus sul- 

60 foric add collects in die inner-diamber stream 
as desired. 

The outer chamber 77, for such operation, 
is substantially filled with a packed bed 79a 
divided solid ion-exchange material, e.g. 
65 ion-ezchange resin, very preferably including 



at least anion-ezchange material (or material 
providing negative mobile ions). This bed pro- 
vides enhanced conductivity in the chaxnber 
77 enabling very extensive depletion of ions 
in the chamber 77, Lc. permitting the pick- 70 
ling bath concenmition to be reduced to a' 
. very low levd, with advantageously low ceH 
power requirements. The cylii^cal a»figura- 
tion of the membrane 78 provides pi#f^'»!ifrt»l 
stabilicf resdting in maintained bed-mem- 75 
brane contact even at high flow rates, and 
thus the .membrane configuration together with 
the provision of the bed affords advantageous- 
ly efficient and economical cell operation. A 
further bed 79b, either of ion-exchange resin 80 
or of inert material (to equah'ze hypostatic 
pressure on the membrane) may if desired be 
provided in the inner chamber 76, substan- 
tially filling the latter chamber. 

It will be appreciated that in the cell of 85 
Fig. 3a the polarity may be reversed (so that 
the outer chamber is the anode) and for re- 
covery of cations in the concentrating stream 
the membrane 78 may be a cation-pem^sdecr 
tive membrane; the inner or outer chamber 90 
may be used as the diluting chamber, depend- 
ing on cell polarity and the polarity of the 
ion to be transferred, but in either event at 
least the diluting chamber is filled, with a 
packed bed of ion-exdiange material, as de- 95 
scribed above. 

As a particular example of use of the pre- 
sent mvention, there is shown in Fig. 4 a 
household water supply demineralizing unit in- 
corporating a cdl 10 of the type shown ui 100 
Figs. 1—2. In this system, raw hard water 
is introduced through a conduit 80 to a sand 
and gravel filter 82. The filtered water is then 
advanced through conduit 46 to the treating 
chamber 37 of the cell 10, a minor flow of 105 
the filtered water also being supplied to the 
anolyte chamber 38 from the 'conduit 46 
through inlet 49. The cell 10, powered from 
the rectifier 26, demineralizes the water in the 
manner described above in connection witii 110 
Figs. 1 — 2, The treated water is delivered 
from the chamber 37 through conduit 47 
to a storage tank 83; the anolyte flow is re- 
circulated to the catholyte chamber 36 
through conduit 52 and this flow is disdiarged 115 
to waste from the latter chamber through con- 
duit 54. When the water m the taiik 83 
reaches a predetermined upper levd therein, 
high level control 85 associated with the latter 
tank acmates a high levd switch 86 to shut off 120 
a valve 87 in the raw water inlet conduit 80 
and also to shut off the electrical power supply 
to the rectifier 26, so as to halt operation of 
the system until the levd in the tank 83 is 
reduced by withdrawal of water for use. 125 

From the tank 83, a service pumij 88 takes 
suction through a conduit 89 to deliver water 
from the tank 83 through a further conduit 90 
to a presstire tank 92. The water flows through 
the lank 92 in such manner that when the 130 
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prttsurc in tank 92 falls below a predctcnnm- 
cd Icvc^ a pressure switch 94 starts the pump 
88, to deliver water to the pressure tank undl 
the pressure builds up again to a predeter-- 
nuned value in tank 92. The pressure switch 
94 then shuts off the pump 88. Treated water 
IS ddivered from the pressure taiik to service 
through conduit 95. 
Although for simplicity of illustration a 

10 smgle cell 10 is shown in the system of Fia 
4j a pluraUty of such cells may be employed 
and connected to treat incoming raw water 
either in series or in parallel; i.e. the raw 
water flow may be divided among several cells 

15 or passed successively from one cell to an- 
oth^. The number of cells to be used in a 
parucular system is dependent on die capacity 
of the individual cells and the desired total 
capacity of the system. 

20 Fig. 5 illustrates diagraramatically another 
system employing the cell of the present in- 
vention, arranged as a continuous deminerali- 
zanon unit for use in die treatment of boiler 
. feed water, i.e, to provide a demineralizcd 

25 water supply for a boiler. In this system, raw 
water to be treated Is supplied to a conven- 
tional degasifier 98 for removal of dissolved 
carbon dioxide; a stream of air is blown into 
the lower portion of the degasifier and a gas- 

30 eous mixture of carbon dioxide and air- is 
vented at the top of the degasifier. Approxi- 
matdy 95% by weight of the dissolved carbon 
dioxide is removed from the water in this 
manner. The water is then chlorinated to ^e- 
stroy organic matter, and the chlorinated 
water is advanced to a coagulator 100, where 
It is coagulated chemically with lime and 
alum; this operation partially sevens the water, 

40 ^y^^ hardness by approximately 

The coagulated and partially softened water 
passes to a clear well 102 from which Uransfer 
ptmips 104 take suction, advancing the water 
. to and through sand and gravel filters 106. 

45 The filtered water from the filters 106 is then 
introduced to a plurality of the cells 10 of 
the present invention, where it is demineraliz- 
cd in the maimer above described in connec- 
tion with Figs. 1—2, These cells 10 may be 

50 ccHmeaed in parallel, as shown, the stream of 
water being divided between them, or may 
alternatively be connected in scries, the stream 
being passed successively through the several 
cells. It will be appreciated that in the system 

55 of Fig. 5 the degasifier 98, coagulator 100, 
clear well 102, transfer pumps 104 and sand 
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and gravel filters 106 represent a conventional 
arrangement for pretreating boiler feed water 
before demineralmtion, and the cells 10 re- 
place the array of ion-exchange imits conven- 60 
tionally employed to effea such deminera- 
lization. 

By way of further , illustration of the in- 
vention, there are set forth belov? specific 
examples of operation of a cdl construaed as 65 
shown in Figs. 1 — 2, for demineralization of 
water containing dissolved sodium sulfate 
(Na^SOO. In tins cell, the inner and outer 
electrodes were platinized titanium mbes each 
12 inches long, the cathode being 1 mch in 70 
diameter and the anode being 2^ inches in 
diameter. The cation-permeable membrane 
was formed of lonac MC — ^3142 cation mem- 
brane, and was 1-^ inches in diameter and 12 
inches long; the anion permeable membrane 75 
was formed of lonac MA — ^3148 anion mem- 
brane, and was 2 inches in diameter and 12 
inches long. The mixed bed in the treating 
chamber was provided by a mixture of lonac 
C — ^240 cation nuclear siif onic strong acid re- 30 
sin and lonac A— 540 anion quaternary am- 
moflixmi strong base resin; the" catholyte bed 
consisted of Rohm & Haas IR— 200 cation- 
exchange resin and the anolyte bed consisted 
of Rohm & Haas IRA — 400 anion-exchange 35 
resin. 

Example I. 
Using in the treating chamber a mixed bed 
consisting of anion-exciange resm and cation- 
exchange resin in equal parts of volume, a 90 
series of demineralization runs were perform- 
ed in the above-described cell under various 
conditions. In each case the influent water to 
the treating chamber contained 500 p.p.m. dis- 
solved NajSO^. For each run, the* current 95 
density at the cathode was set and main- 
tained at a constant predetermined value and 
the water to be demineralized was passed con- 
tinuous flow through the treating chamber, 
the flow rate bemg adjusted until the con- 100 
centration of the effluent became constant at a 
predetermined value. The flow rate providing 
such constant effluent concentration" was the 
equilibrium flow rate. Data obtained in each 
run, including cathode current density, total 105 
current through the cell, equilibrium flow 
rate, and voltage across the cell, and calculated 
values of power consumed (in kilowatt hours 
per thousand gallons of water treated), 
coulomb efficiency, and apparent effluent con- 110 
centration, are set forth in Table 1: 
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Table 1 








Run. 


I 


n 


m 


IV 


V 


VI 


Cozrent Density at 
Cathode (amp./ft*) 


5 


10 


15 


20 


30 


40 


Carrent (amps) 


1.3 


2.62 


3.9 


5.25 


7.85 


10.4 


Flow Rate (gallons 
perhr.) 


1.1 


1.38 


2.08 


2.36 


3.45 


4.97 


Vqltage (V,) 


14 


18 


23 


24 


28 


30 


Power Consumed 
(KWH/1000 G.) 


16.5 


34.2 


43.6 


53.4 


63.7 


62.8 


Coulomb Eficienc^ (%) 


67 


44 


37 


32 


31 


33.6 


Apparent Effluent 
Concentradon 
ft).pjii.) 
(within error of 
±l/2p.pjn.) 


5 


5 


1 


5 


5 


5 



10 



For purposes of comparison, a run was 
performed, under condidons similar to run I 
abov^ in a conventional filter-press type rf 
electrodialyzer; power consumption in the 
latter electrodialyzer was found to be about 
110 KWH/1000 G. and die coulomb efficiency 
was approzin^tely 21%. In a fmther com- 
parison xun^ water contaming 500 p.p.m dis- 
solved Na2S0« was deionized in a convention- 



al ekctrodialysis imit to an effluent ccmcentra- 
tion of 5 p.pjn., widi a cadiode carrent density 
of 10 amps./fL^ as in run II above. The con- 
ventional unit has a total membrane area of 4 
square feet whereas the abovedescribed cell 
fj£ the present invention had a total membrane 
area of 0.92 square feet Results in the con- 
ventional unit are compared with run n above 
inTabIe2: 
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Table 2 



Conventional 







Unit 


Runll 


Voltage 


(v.) 


210 


18 


Current 


(amp.) 


3.4 


2.62 


Power 


(W.) 


714 


47.2 


Flow Rate 


(GPH) 


4.7 


1.38 


Power Consumed (KWH/1000 G) 


116 


34.2 



25 



^ The values of apparent effluent concentra- 
tion given in TaWe 1 were determined by 
continuous measurement of the electrical con- 
ductivity of the effluent treated wateri At low 
effluent concentrations this provides a suffi- 
cientiy acctnate measurement of actual con- 
centration, ie. widiin an error of about 10%, 
the error at 5 p.pjn concentration tiius bemg 



•db i p.pjn. To determine the effect of the 
cdl on the pH of the water tmder treatment, 30 
a series of runs was conducted in the cell to 
produce efEluents having various values of con- 
ductivity^ the influent and effluent pH being 
measured in each run. As indicated in Table 
3, the pH of the water was reduced in eacBf 35 
case: 



Table 3 



Inflii- 
ent pH 


Efflu- 
ent pH 


A pH 


Conductivity (pL mhos) 


6.20 


3.20 


-3.00 


250 


6.52 


4.00 


-2.52 


160 


5.99 


4.09 


-1.90 


100 


6.10 


4.52 


-1.58 


24 


5.91 


5.50 


-0.41 


8 


5.75 


5.02 


-0.73 


11 


5.75 


4.91 


-0.84 


30 


5.35 


3.88 


-1.47 


101 


5.82 


3.01 


-2.81 


150 



10 



Example II. 
The bed ion-exchange resin in the treat- 
ing chamber of the above-descubed cell was 
r^Iaced with a bed containing 30% cadon- 
exchangc rcsm and 70% anion-exchange resin. 
A further scries of runs was then perfonned, 
again with water containing dissolved 
Na2S04, following the procedure set forth 
above in Example I for runs I dirough VL 



In each run the cathode current density was 
maintained at a constant value of 10 amp./ 
ft.* (the total current throu^ the cell bemg 
2.62 amps.X and the efQuent concentration 
was determined by flame spectoriphotometry. 
Data measured in these runs, together with 
calculated values of per cent demineralizadon^ 
power consumption, and coulomb efficiency^ 
are set forth in Table 4: 
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Rim 


VJLL 


Table 4 

vm 


IX 


X 


X 


Infiaeot cone (p.p jxl) 


463* 


488* 


500** 


500** 


500** 


Iffltientconc. (p.pjrL) 


103 


68.6 


20 


13.3 


7.7 


C^UUIOCIUIII PiOW S\ZXC 


3.2 


2.85 


2.06 


1.81 


1.58 


Voltage (v) 


25.5 


28.0 


34.0 ' 


39.5 


45.5 


How rate, Cathode 
otream ^nu/secj 


2.66 


2.64 


2.26 


0.57 


2.40 


flow rate^ jAjioae 
Stream (ml/sec) 


1.23 


1,12 


1.05 


1.03 


0.90 


pH(Feed) 


5.86 


6.08 


6.19 


6.27 


5.98 


pH (Produce) 


3.75 


5.80 


8.42 


8.65 


6.40 


pJci ((Jataoae otream) 


11.63 


11.27 


11.36 


11.82 


11.38 


dH fAnode Streflm^ 




1 OS 


2.20 


2.31 


2.28 


Effluent Temp. (^'C) 


24 


24 


27 


23.5 


22.8 


DemmeraHzation (%) 


77,7 


86.0 


96.0 


97.5 


98.4 


Power Consumed 
(KWH/IOOOG) 


20,9 


25.5 


43.3 


57.2 


75.5 


Coulomb Efficiency (%) 


63.2 


65.3 


53.8 


48.0 


42.4 



* determined by flame spectrophotometry 
** nominal soludon 

In run Vn, measurements were made of the 
Na+ concentration in the anolvte and the 
catholyte solutions: the Na+ concentration 
5 was found to be 165 p.p.nL in the anolyte and 
280 p.pjn. on the cathdyte. 

With the treatmg chamber bed containing 
30% cation-exchange resin and 70% anion- 
exdiange resin, it was found ±at for low 



Table 5 



values of effluent concentration the pH of 10 
the water under treatment was increased dur- 
ing demincralization. This result will be appa- 
rent from Table 5, which sets forth measured 
values of influent and effluent pH for runs 
Vn— XI and other runs throu^ the cell con- 15 
raining the latter bed, at various values of 
effluent conductivity: 



Run 


Influ- 
ent pH 


Efflu- 
ent pH 


Change 
in pH 


Effluent 
Conductivity 
({t mho) 


vn 


5.86 


3.75 


-2.11 


230 




5.86 


3.97 


-1.89 


215 




5.86 


4.49 


-1.37 


185 


vm 


6.08 


5.80 


-0,28 


143 




6.08 


9.25 


3.17 


126 


IX 


6.08 


9.52 


3.44 


98 


6.19 


8.42 


2.23 


40 


X 


6.19 


9.19 


3.00 


50 


6.27 


8.65 


2.38 


24 




6.27 


9.20 


2.93 


30 


. IX 


5.98 


6.40 


0.42 


12 




5.98 


6.31 


0.33 


10 




5.98 


6.50 


0.52 


9 
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Due to the inacase in proportion of anion- 
cxdiange resin (which is less conductive dian 
cation-exdiange resin), the total voltage across 
the cell is greater when the treating bed con- 
tains cation and anion-exchange resins in a 
30—70 ratio then when the bed contains the 
resins in equal parts as in Example I above. 
This increase in voltage, as a fimcfion of efflu- 



entco nducdvity, is indicated in Table 6, which 
snmmarizes data derived from curves obtam- 
ed by plotting experimentally determined 
values of voltage against cfiEluent conductivity, 
for runs through each of these beds with a 
cuEcent density of 10^/ft*, total current of 
2.62 amps., and influent concentration of SCO 
p.pjn. NajSO^. 



10 



15 



Table 6 



Effluent 
Conductivity 
({x mhos) 


Voltage 
(50% -50% 
bed) 


Voltage 
(30% -70% 
bed) 


Voltage 
Increase 
(%) 


250 


16.5 v. 


24.8 V. 


50.3 


150 


18.0 


28.0 


55.6 


100 


19.2 


30.5 


58.8 


50 


21.4 


35.0 


63.6 


25 


23.5 


39.7 


69.0 


10 


26.2 


45.4 


73.3 



Example m. 
By way of further illustration of the inven- 

20 tion, a larger cell, for demineralization of 
naturally occurring hard water, sodium chloride 
solution or any odier aqueous electrolyte, was 
constructed as shown in Figs. 1—2. In this 
cell the inner cathode was a 12" long by 

25 outeide diameter stainless steel tube. The 
cation tubular permeable membrane was SJ" 
in diameter, 12" long and 40 mHs thick; the 
anion tubular permeable membrane was 6" 
in diameter, 12" long and 40 mil thidc. The 

30 outer anode was a graphite pipe 7^" in inside 
diameter, 9-|" in outside diameter and 12" 
long. 



The mixed bed in the treating chamber 
was provided by a mixture of 30^ cadon resm 
and 70% anion resin. The cation resin was 35 
Amberiite IR — 120 and the anion resin 
Amberllte IRA— 400, bodi manufactured by 
Rohm & Haas Co. The catfadyte bed con- 
sisted of Amberiite IR— 120 cadon resin and 
the anolyte bed of Amberiite IRA— 400 anion 40 
resin. 

A series of runs was performed in the above 
described cell under various operating con- 
ditions. In each case the u^uent water to 
be treated was a natural hard water of the 45 
foUovnng composition: 



Cations (ppm as CaCO J 



Anions (ppm as CaCO^) 



Sodium = 102 

Potassium = 21 

Calcium = 48 

Magnesium = 62 



Bicarbonates == 122 
Sulfates = 79 
Chlorides =19 



It will be understood from the term "ppm 
as CaCOt" diat the foregomg values of con- 
50 centradon of the various canons and anions 
spedfied are expressed as equivalent concentra- 
tions of calcium carbonate in parts per million. 



this being the standard measure of water 
hardness. 

For tach run, the electric current was set 55 
and maintained at a constant predetermined 
value and the water to be demineralized was 
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passed in contiiiuous flow through the treat- same flow was passed successively through the 15 

mg chamber. The cfQucnt of tiic apparatus anode and cathode chambers), while in other 

wasmalyzed f or total hardness (a«- plus runs die anolyte and cadiolytc flows were 

5 Mf^) m order to test the cdl as a water arranged is paralld G-c. widi separate flows 

softener. through the anode and cathode chambers). 

in aU these runs, the direction of flow of The data obtained, together with calculated 20 

tne anolyte and catholyte solutions in the values of the current efficiency and power 

deorode chambers was upward. To test cell consumption are set forth in Table 7. In table 

10 petfomance under various flow conditions, the 7, xb& values of influent hardness and effluent 

flow through the treating chamber was direct- hardness represent the sum of die concentra- 

ed upwardly in some runs and downwardly in tions of calcium ions and magnesium ions pre- 25 

others; also, in some runs the anolyte and sent, expressed as equivalent concentrations of 

catholyte flows were arranged in series (It, the calcium carbonate, in parts per niillion. 

Table 7 



Run 


XII 


xm 


XIV 


XV 


XVI 


xvn 


xvm 


XIX 


XX 


XXI 


How direction- 
treating chamber 


U 


D 


D 


D 


U 


D 


D 


D 


D 


D 


Flow arrangement- 
electrode chambers 


P 


P 


S 


S 


P 


S 


S 


S 


S 


S . 


Current (Amps.) 


3.0 


3.0 


3.0 


3.0 


3.0 


3.0 


6.0 


5.0 


6.0 


6.0 


Flow rate (Gal. 
per day) 


182 


182 


182 


182 


756 












Flow rate (GaL 
per Hour) 


7.6 


7.6 


7.6 


7.6 


10.7 


10.7 


16.7 


16.7 


19.4 


22.6 


Voltage (v.) 


43.0 


42.5 


40.0 


39.3 


38.0 


38.0 


71 


66 


70 


70 


Influent hardness 
(ppm CaCOg) 


135 


125 


125 


131 


135 


130 


130 


130 


130 


130 


Effluent hardness 
^pm CaCOa) 


55 


46 


40 


49 


74 


55 


44 


57 


50 


53 


Anode chamber 
flow rate (GaL 
per Hour) 


0.58 


0.58 


0.58 


1.3 


0.58 


1.3 


1.3 


1.3 


1.3 


1.3 


Cathode chamber 
flow rate (GaL 
per Hour) 


0.58 


0.58 


0.58 


1.3 


0.58 


1.3 


1.3 


1.3 


1.3 


1.3 


pHfeed 


7.8 


8.0 




8.2 


7.8 


8.2 










pH product 


6.4 


5.8 




7-0 


7.2 


6.6 










pH catholyte 


12.1 


12.1 




11.3 


12.1 


11.3 










pH anolyte 
Cutrent Efficiency 
C%) 


2.4 
77.2 


1.9 
81.2 


87.8 


1.9 
72.0 


2.0 
83.5 


1.9 
94.6 


85.8 


95.6 


97.3 


99.9 


Power consumed 
(KWH/IOOOG) 


17.0 


16.8 


15.8 


15.6 


.10.7 


10.7 


26.1 


20.2 


21.6 


18.6 



Legend 

U = Upward flow 

D = Downward flow 

P = Parallel flow 

S = Series flow 
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A further s«iJ^^^c^;.T.^ r ^agi^ the anode and cathode chambers 

5 tlh^^-^r^u f;S«>f°g,d« procedure set The data measured in these runs, together 
^^^^l^S^k^r^^"^^^^ widx calculated vahies of cunenteffiden^ and 



10 



Table 8 



Run 


xxn 


xxm 


XXIV 


XXV 


XXVI 


XXVTT 


V VVTTT 


Current (Amps«) 


0.5 


1.0 


1.0 


1.5 


1.5 


2.0 


1.5 


Flow rate (Gal. per day) 


101 


101 


182 


182 


256 


256 


400 


Flow rate (Gal. per hour) 


4.2 


4.2 


7.6 


7.6 


10.7 


10.7 


16.7 


Voltage (v.) 


8.6 


12.5 


12.5 


16.5 


15.8 


20.3 


12.0 


Influent concentration 
(ppm) 


163 


165 


170 


165 


171 


171 
111 


16^ 


Effluent concentration 
(ppm) 


95 


70 


110 


89 


110 


107 


117 


Anode chamber Flow rate 

^Gal "OCT hmir) 


1 9 


1.3 


1.3 


1.3 


1.3 


1.3 


1.3 


Cathode chamber Flow 
rate (GaL per hour) 


1.3 


1.3 


1.3 


1.3 


1.3 


1.3 


1.3 


pHfeed 


6.1 


6.3 


6.4 


6.8 


6.2 






pH product 


9.6 


7.2 


8.8 


6.0 


7.2 






pH catholyte 


8.3 


7.8 


7.2 


9.2 


9.9 






pH anolyte 


3.2 


2.0 


2.4 


2.2 


2.4 






Current efficiency (%) 


95.2 


66.5 


79.0 


66,7 


75.1 


59.3 


88.7 


Power consumed 
(KWH/IOOO) 


1.03 


2.9 


1.65 


3.27 


2.22 


3.81 


1.08 
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25 



30 



The foregoing examples illusirate the per- 
formance of cells m accordance with the in- 
vention for a variety of clectrdyies, viz 
NaaSOi, natural hard water and NaQ. In 
these exanxpks, a wide range of flow rates 
(from 26 gal. per day in Eirample I, run I to 
542 gaL per day in Example in, run XXI) 
was obtamed at cccmomical levels of power 
consumed. Current efficiencies approaching 
100% were achieved in the cell of Example 
m and . IV (seci e.g. Example EI, run XXI 
and Example IV,^ run XXII), the average 
cunent efficiency in the latter two examples 
being of &e order of 80% to 90%. More- 
over, as will be apparent from a comparison 
of run XIV in the cdl of Example IE (Table 
7) with run VII in the cell of Example II 
(Table 4), use of the larger cell of Example 



III afforded more than twice the flow rate 
attained in the smaller cell <^ Example n, 
with an increase of about 40% in current 35 
efficiency and a reduction of about 25% in 
power consumption per unit volxime of water 
treated as compared to the run in the smaller 
cell, for simflar conditions of total current, per 
centage demineraHzsLtion and treating cham- 40 
ber bed composlticm. 

In the operation of the above-described 
ekctrodialytic cells of the invention, as illus- 
trated by the foregoing examples (Examples I 
and n) of deionizadon of water containing 45 
Na2S04, it is found that by varying the ratio 
of aruon-^change resin to cation-exchange 
resin in the deionization chamber a control of 
the pH of the deionized effluent stream is 
obtained; i.e., addition of more anion resin 50 



20 
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than cation resin tends to increase the efQuent 
pH, while addition of equal pioportions of 
anion resin and cation resin tends to decrease 
the cfFlnent pH. Thus, for given operating 
5 conditions, the relative proportions of cation 
and aiuon-exchange resins in the treating 
chamber bed may be selected to provide an 
effluent pH witi^ a desired predetetixUned 
range, 

10 WHAT WE CLAIM IS :— 

1. In a cell for effecting changes in con-* 
centration of ioos in aqueous electrolytic solu- 
tions, -in combination, an inner dectrode; a 
hollow outer electrode concentrioQly surround- 

15 ing said inner electrode in spaced relation 
thereto, said inner and outer electrodes lateral- 
ly defining a cdl region; a plurality of tubular 
permselecdve membranes including at least one 
cation-permselective membrane and at least 

20 one anion-permselective membrane, positioned 
in said region in concentric spaced relation to 
each other and to said electrodes to divide 
said region into a plurality of concentric 
chambers for receiving aqueous electrolytic 

25 solutions, said chambers including at least an 
inner electrode chamber contiguous «>. said 
inner dectrode, an outer electrode chamber 
contiguous to said outer dectrode, and an 
interaiediate chamber defined between said 

30 one cation-permsdective membrane and said 
one anion-permselective membrane; and a 
packed bed of divided solid ion-exchange 
material substantially filling one of. said cham- 
bers. 

35 2. A cell according to claim 1, wherein 
the radial distance between said one cation- 
permsdective membrane and said one anion- 
permsdective membrane is substantiaUy uni- 
foma around the cdl. 

40 3. A cell as defined in claim 1 or 2, where- 
in said bed is disposed in said one inter- 
mediate chamber. 

4. A cdl as defined in claim 1 or 2, where- 
in said bed is disposed in one of said electrode 

45 chambers. 

5. A cell as defined in daim 1 or 2, where- 
in each of said chambers is substantially filled 
with a padced bed of divided solid material. 

6. A cdl as defined in any one of the 
50 preceding claims, wherein each of said beds 

comprises divided solid ion-exchange material 

7. A cell as defined in any one of the pre- 
ceding claims, wherein said packed bed of 
divided solid ion-exchange material substan- 

55 tially fills said one intermediate chamber and 
is adapted to provide both positive and nega- 
tive mobile ions. 

8. A cdl as defined in daim 7, wherein 
said packed bed comprises a mixture of cation* 

60 exchange resin partides and anion-ezdiange 
resin particles. 

9- A cell as defined in any one of the 
preceding claims, wherein each of said cham- 
bers is substantklly filled with a packed bed 

65 of divided solid ion-exchange material, that 



one of said dectrode chambers which is on 
the side of said intermediate chamber defined 
by said cation-pezmselective membrane being 
substantially fQled with a packed bed of 
divided solid ion-ezcfaange material adapted to 70 
provide positive mobile ions, and the other of 
said electrode chambers being substantially 
filled with a padced bed of divided soM ion- 
exdiange n^aterial adapted to pro vide, negative 
mobile ions. 75 

10. A cdl as defined in any one of the 
preceding claims, which is aidally vertical, and 
including means for introducing water to an 
upper locality of said interme&ite chamber 
and means for discharging water from a lower 80 
locality of said intermediate chamber to pro- 
vide downward flow of water through said 
intermediate chamber. 

11. A cdl as defined in claim 10, wherein 
said ion-exchange material comprises ion-ex- 82f 
change resin of a particle size approximating 
that sdected by passing tiirough a 50 niesh 
screen, as herein defined. 

12. A cdl as defined in. any one of the 
preceding daims, induding means for suppty- 90 
ing water to that one of said electrode dmi- 
bers which is on the side of said intermediate 
chamber defined by said anion-permsdcctive 
membrane, means for circulating water &oni 
said one dectrode chamber to the other of said 95 
dectrode chambers, and means for discharg- 
ing water from said other dectrode ch a mb er. 

13. A cdl as defiined in any one of the 
proceding claims, wherein said cation-perm- 
selective membrane is on the inner side of said 100 
intermediate chamber. 

14. A cell as defined in any one of the 
proceding daims 1 to 12, wherein said cation- 
permselective membrane is on the outer side 

of said intermediate chamber. 105 

15. A cdl as defined in any one of the 
proceding claims, wherein said cell further in- 
dudes power supply means for effecting pas- 
sage of direct current through said chambers 
between said electrodes in such direction as to 110 
promote migration of cations into said inter- 
rqediate chamber through said cation-perm- 
sdective membrane. 

16. A cell as defined in any one of the 
proceding daims 1 to 14, wherein said cdl 115 
further indudes power supply means for 
effecting passage of direct current through said 
chambers between said dectrodes in such 
direction as to promote migration of cations 

out of said intermediate chamber through s^d 120 
cation-permsdective membrane. 

17. A cell according to any one of the 
preceding claims, wherein said packed bed 
comprises a mixture of aniour-exchange resin 
partides and cation-exchange resin partides 125 
in relative proportions sdeaed to provide an 
effluent pH, for the aqueous electrolytic solu- 
tion passed through said one intermediate 
chamber, within a predetermined range. 

18. A cell substantially as hereinbefore de- 130 
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scribed with leference to die accompanying 
drawings. 

19. A process for effecting transfer of dons 
between a first aqueous electrolytic solution 

5 and second and third aeneous electrolytic solu- 
tions, comprising passmg said first solution 
through a first umular chamber^ while pass- 
ing said second sbltition through a second an- 
nular chamber coinoentric to said first diamber 

10 and separated tfaerefrwn by a first tubular 
membrane selective^ permeable to ions of one 
charge typ^ one of said first and second 
chambers being substantially filled with a 
packed bed of divided solid ion-exchange 

15 material, and while passing said tiiird solution 
through a third annular chamber which is 
concentric to said first chamber and on the 
side thereof opposite to said second chamber 
and separated irom sud first chamber by a 

20 second tubular membrane selectively perm- 
able to ions of charge type opposite to said 
one charge type, and while passing direct 
electric current radially throu^ said cham- 
bers and said bed in a direction effective to 

25 promote migration of ions of said one charge 
type from said bed thrcmgh said fint mem- 
brane. 

20. A process according to claim 19, where, 
in said packed bed of divided solid ion-ez- 

30 change material provides both positive and 
negative mobOe i(Hi3. 

21. A process according to eitiier of rlai'TO 
19 or 20, including the steps of continuously 
supplymg water to said third chamber to con- 

35 stitute said third aqueous electrdytic solu* 
tion, diculating said solution from s^d third 



chamber to said second chamber to consti- 
tute said second solution and discharging said 
second solution bom said second diamber. 

22. A process according to any one of the 40 
preceding daims 19 to 21, induding tiie 
funher steps of continuously introducing water 

to an upper locality of said third d^bcr, 
circulating water from a lower locality of said 
third chamber to an upper locality of said 45 
second chamb er, and disdiarging water from 
a lower locality of said second chamber. 

23. In a cell for effecting changes in con- 
centration of ions in aqueous electrolytic solu- 
tions, in combination, an inner dectrode; a 50 
hollow outer dectrode concentrically sur- 
rounding said inner dectrode in spaced rda- 
tion thereto, said inner and outer electrodes 
laterally defining a cdl region; a cylindrical 
permseiective membrane positioned in said 55 
region in concentric spaced rdation to said 
dectrodes to divide said region into two con- 
centric chanibers for rccdving aqueous dectro^ 
lytic solutions; and a packed bed of divided 
solid ion-exchange Trarerial substantially fill- 60 
ing oat of said two chambers. 

24. A process for ^effecting transfer of ions 
between a first aqueous dectrolytic solution 
and second and third aqueous dectrolytic solu- 
tions substantially as described. 65 

25. A solution of ions whenever prepared 
by the process substantially as described. 

STEVENS, LANGNER, 
PARRY & ROLLINSON, 

Chartered Patent Agents, 
Agents for the Applicants. 
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